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Plant-soil feedback (PSF), the process by which plants influence con- or heterospecifics via alteration of abiotic or biotic soil properties, is a known driver of plant coexistence and invasion. Yet there is limited understanding of how PSF interacts with other important drivers of plant community structure and dynamics, such as aboveground herbivory. Aboveground herbivory and PSFs are ubiquitous processes in plant communities, but traditional PSF experiments in the greenhouse eliminate herbivory as an experimental factor. Aboveground herbivory can affect plant-soil systems in multiple ways and therefore is likely to strongly interact with PSF. Herbivores can be selective, preferring certain species over others, which could influence PSF dynamics. Aboveground herbivory could also affect PSF dynamics by influencing photosynthate allocation, defense compound production, and soil nutrient levels. An existing conceptual framework predicts that aboveground herbivory should generally weaken pathogen-, mutualist- and soil nutrient-driven feedbacks, and a logical extension of these predictions is that aboveground herbivory will weaken PSF as a driver of plant species invasion. Using a Midwest urban woodland study system, we first measured aboveground mammalian herbivore pressure on native woodland perennials used in local restoration efforts. We then simulated these levels of herbivory in a greenhouse experiment to assess whether and how aboveground herbivory alters net pairwise PSF interactions between these native species and Euonymus fortunei, a common invasive plant of Midwest urban woodlands. Results support predictions that aboveground herbivory weakens PSF interactions. In our experiment, simulated herbivory eliminated PSF among E. fortunei and a co-occurring community of native species, although this effect depended on competitive context. When the native community and the invasive species were grown separately, net feedback was neutral regardless of herbivory, but when grown in a competitive mixture, feedback between the native community and the invader switched from negative to neutral when herbivory was imposed. To assess the generality of these findings, future studies are needed that examine herbivory-PSF interactions across multiple native-native and native-invasive species combinations, and for a range of plant community types.
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INTRODUCTION

While decades of research have established that plant-soil feedbacks (PSFs) can be a key force structuring plant communities and plant invasions (Bever et al., 1997; Klironomos, 2002; Kulmatiski et al., 2008), understanding of the context-dependency of PSFs, i.e., how PSFs change under different environmental conditions—is only beginning to be appreciated (Smith-Ramesh and Reynolds, 2017). The presence or absence of aboveground herbivory as a potentially strong influence on PSFs is our focus here. Plant-soil feedback refers to the process wherein plants affect biotic and/or abiotic conditions of the soil in which they are grown (a process commonly referred to as “soil conditioning”), which influences subsequent growth of con- or heterospecific plants (Bever et al., 1997). Plants affect biotic soil properties through various mechanisms, including root exudates, deposition patterns, and susceptibility to belowground enemies, ultimately generating species-specific microbial associations with roots and/or rhizospheres (Ehrenfeld et al., 2005; Kulmatiski et al., 2008). These associations consist of various symbionts like mutualists and pathogens (Bever et al., 1997; Packer and Clay, 2000; Reynolds et al., 2003; Ehrenfeld et al., 2005). Plants also directly and indirectly affect abiotic soil properties such as nutrient and water availability, pH and allelochemicals through uptake, exudates, and litter inputs (Bertin et al., 2003; Elgersma et al., 2012; Bardgett et al., 2014).

Plant-soil feedbacks can be positive, negative, or neutral. Individual feedbacks refer to plant performance in conspecific vs. heterospecific soil, and net pairwise feedbacks refer to plant performance in conspecific and heterospecific soil relative to that of another species (Smith-Ramesh and Reynolds, 2017). Net pairwise feedbacks are emphasized here because they predict the effects of PSFs on plant community dynamics (Smith-Ramesh and Reynolds, 2017). Net negative PSF, wherein plant species perform relatively better in soil conditioned by heterospecific vs. conspecifics, is a stabilizing mechanism that maintains species diversity (Bever et al., 1997). Net negative PSFs stem from host-specific enemy accumulation in many systems (Packer and Clay, 2000; Reynolds et al., 2003) but could also be driven by uptake of soil resources by niche-partitioned species (Smith-Ramesh and Reynolds, 2017). Net positive PSF, wherein plant species perform relatively better in soil conditioned by conspecifics vs. heterospecifics, is a destabilizing mechanism that can ultimately lead to increased abundance of a particular species or even competitive exclusion of other species (Bever et al., 1997), and may contribute to invasive species spread (Jordan et al., 2008; Zhang et al., 2010; Smith and Reynolds, 2012). Plants that form soil mutualisms could generate positive PSFs (Bever et al., 1997, 2010). Neutral feedbacks occur when plant performance is unaffected by soil conditioning and may indicate that PSFs do not structure plant community dynamics. Neutral PSFs could also promote invasion if native-invasive PSFs are neutral or less negative than native-native PSFs, due for example to complete or partial escape of invasive species from belowground enemies (Smith and Reynolds, 2015).

An existing conceptual framework predicts that aboveground herbivory should generally weaken PSF (Smith-Ramesh and Reynolds, 2017). Aboveground herbivory may weaken pathogen-driven negative PSF through a cross-induction of belowground defenses (Bezemer and van Dam, 2005; Kaplan et al., 2008). (Although if herbivory weakens plant condition and thus increases susceptibility to soil pathogens, it is possible that the strength of negative PSF could increase; Smith-Ramesh and Reynolds, 2017). Aboveground herbivory may weaken nutrient-driven negative PSF by reducing plant size and/or via nutrient inputs (e.g., excreta), either of which could reduce plant nutrient demands (Smith-Ramesh and Reynolds, 2017). Heavy or long-term aboveground herbivory may reduce the ability of plants to supply carbon subsidies to microbial mutualists (Bardgett et al., 1998), which could in turn weaken mutualist-driven PSF [In contrast, intermediate, or short-term herbivory could enhance below-ground resource allocation (Bardgett et al., 1998), strengthening mutualist-driven PSF]. A logical extension of these predictions is that aboveground herbivory will generally weaken PSF as a driver of plant species invasion.

Relatively few studies have examined herbivory in the context of PSFs. Several studies on herbivory and PSFs have investigated the effects of PSFs on herbivores, specifically herbivore growth and performance (Kos et al., 2015a,b; Heinen et al., 2017). However, research is needed to assess the effects of herbivory on PSFs. One study examined the effects of moth and beetle herbivory on PSF interactions with Jacobia vulgaris, finding that belowground (beetle) herbivory weakened negative PSFs (measured with respect to unconditioned soil) whereas aboveground (moth) herbivory strengthened negative PSFs (Bezemer et al., 2013). Another study examined the effects of aboveground insect herbivory on individual PSF in three native grasses and found that herbivory neutralized negative PSFs (Heinze and Joshi, 2017). The nature of herbivory-PSF interactions in other systems, and for native-invasive dynamics, is unknown.

Urban woodlands are highly disturbed systems that pose a unique opportunity to study herbivory-PSF interactions with native and invasive species. Urban woodlands are typically small, habitat fragments, with high edge to surface area ratios, close proximity to conventionally landscaped properties, and high populations of urban-adapted mammals such as rabbits and deer (Bauer and Reynolds, 2016). These conditions promote high levels of both plant invasions and herbivore pressure. Furthermore, in an instance of the general phenomena of enemy escape (Keane and Crawley, 2002; Shea and Chesson, 2002; Mitchell and Power, 2003), invasive woodland plant species may be consumed to a lesser extent by mammalian herbivores than are native woodland species (Knight et al., 2009; Relva et al., 2010; Averill et al., 2016). Concern for biodiversity loss and appreciation of ecosystem services has motivated efforts to restore urban ecosystems (DiCicco, 2014; Elmqvist et al., 2015). Besides advancing basic science understanding of context-dependency in PSF, study of how mammalian grazing pressure interacts with native-invasive PSF dynamics in urban woodlands may contribute to more successful restoration efforts.

We used field exclosure experiments to assess the intensity of mammalian herbivore pressure on seven native Midwest U.S. woodland perennials commonly used in urban woodland restorations in Bloomington, IN, U.S. We then simulated these levels of mammalian herbivory in a full reciprocal PSF greenhouse study to determine their effect on net pairwise PSF dynamics amongst a community of three native woodland perennials and Euonymus fortunei, a common perennial invasive species in Midwest U.S. urban woodlands (Smith and Reynolds, 2015). Based on common findings of weakened negative or positive PSF for introduced species (Klironomos, 2002; Callaway et al., 2004) and our previous findings (Smith and Reynolds, 2012, 2015), we predicted that PSFs would be neutral to positive favoring the invader in the absence of herbivory. Furthermore, consistent with conceptual predictions (Smith-Ramesh and Reynolds, 2017), we also expected that PSF dynamics between native and invasive species would weaken in the presence of herbivory.



MATERIALS AND METHODS


Herbivore Pressure Experiment

Aboveground herbivore pressure from mammals such as deer and rabbits was assessed in two predominantly beech-maple urban woodlands in Bloomington, IN, U.S.: Dunn's Woods on Indiana University's campus and Latimer Woods, a municipal woodland preserve. Both of these woodlands are a focus of invasive species mitigation and native species restoration efforts by the Bloomington Urban Woodlands Project, a consortium of local non-profit, city government and Indiana University partners (https://sustain.iu.edu/buwp.html). Three separate exclosure experiments were conducted to assess herbivore pressure on transplanted native plants in these woodlands. In each of these experiments, native plants were transplanted into closed or open cages or uncaged control plots established in eight (Dunn's Woods) or 10 blocks (Latimer Woods) randomly located throughout the woodlands in areas without invasive plants. As an index of herbivore pressure, aboveground biomass of plugs after 12–16 months was measured.

Native plants for all experiments were propagated under natural light in a temperature-controlled greenhouse at Indiana University, from Indiana-genotype seed purchased from Spence Restoration Nursery (Muncie, IN, U.S.). Seeds were germinated in 10 cm × 10 cm flats filled with MetroMix 360 (Sun Gro Horticulture, Agawam, MA, U.S.). Once large enough to handle without breaking (~4 weeks), seedlings were transplanted to stubby cone-tainers (Steuwe & Sons, Corvallis, OR, U.S.) filled with additional MetroMix and grown to the mature plug stage (~2–3 months), wherein roots fully filled the cone-tainer. Seven perennials native to central Indiana, U.S. deciduous woodlands were used across the three experiments. Experiment one, conducted in Dunn's Woods from May 2013-September 2014, involved Solidago flexicaulis (zig-zag goldenrod), Elymus hystrix (bottle-brush grass) and Aster cordifolius (heart-leaved aster). Experiment two, conducted in Dunn's Woods from October 2013-September 2014, involved Aster lateriflorus (calico aster), Carex normalis (spreading oval sedge) and Conoclinum coelestinum (blue mistflower). Experiment three, conducted in Latimer Woods from October 2013-September 2014, involved Lobelia siphilitica (great blue lobelia) Elymus hystrix (bottlebrush grass) and Conoclinum coelestinum (blue mistflower).

Herbivore exclosures were 40-cm diameter, 1-m tall cylindrical cages constructed from hardware cloth (Midwest Air Tech Import, Grandview, MO, U.S.) fastened with cable ties (Gardner Bender, Milwaukee, WI, U.S.). Closed cages did not have openings and were not accessible to mammalian herbivores such as deer and rabbits. Open cages had two entrances (18 cm × 15 cm) opposite one another at the bottom of each cage and were accessible to small mammals such as rabbits. Open cages served as cage controls and also enabled the effects of small mammal vs. deer herbivory to be distinguished. Closed and open cages were secured to the forest floor with four ground staples (Easy Gardner Inc., Waco, TX). Uncaged plots (40 cm × 40 cm) were marked with four 30 cm bamboo stakes and were accessible to all herbivores. Within each block, caged and control areas were spaced approximately 1 m apart from one another. Mature plugs were removed from cone-tainers and transplanted into caged and uncaged plots using a dibble sized for the cone-tainer volume (Steuwe & Sons, Corvallis, OR, U.S.). Three plugs of each of three species were transplanted into each caged or uncaged plot, for a total of nine plugs per plot. Plugs were planted 5 cm apart in a 3 × 3 array, and plug locations were randomized.



Herbivory-PSF Experiment
 
Propagation of Study Species and Greenhouse Conditions

We focused on examining herbivory-PSF interactions amongst Euonymus and the three native perennial woodland species, Solidago flexicaulis, Elymus hystrix, and Aster cordifolius, shown to be most vulnerable to herbivory in our herbivore pressure experiment (see Results). Plants were germinated, propagated and grown in a temperature-controlled greenhouse at Indiana University. Supplemental light was provided by 1,000-watt high pressure sodium lights set to a summer photoperiod of 15 h light, 9 h dark. Native seeds were purchased from Spence Restoration Nursery (Muncie, IN) and Euonymus cuttings (one-node shoot tips) were collected from three urban woodland sites where soil was obtained (described below in Phase I—soil conditioning). Seeds and Euonymus cuttings were surface sterilized with 10% bleach. Likewise, all containers used to grow plants, as well as greenhouse bench surfaces, were surface-sterilized with 0.52% Physan 2.0 (Maril Products, Inc., Tustin, CA). Seeds were cold stratified for 4 weeks in moist fine sand that had been autoclaved twice at 120°C, 24 h apart, 2 h intervals then germinated in 10 × 10 cm flats filled with MetroMix 360 (Sun Gro Horticulture, Agawam, MA; autoclaved twice at 120°C, 24 h apart, 2 h intervals). Four-week old seedlings and Euonymus cuttings were rooted in 5 cm deep, 128-cell trays (Hummert International, St. Joseph, MO) filled with a 50/50 mix of river-washed sand (Rogers Group Inc., Martinsville, IN) and Indiana topsoil (sourced from Bloomington, IN) that had been autoclaved twice (120°C, 24 h apart, for 2 h intervals). Seedlings and cuttings grew in cell trays for a 4 week period.



Phase I—Soil Conditioning

For phase I pots, live soil was collected June 20th through June 22nd, 2017 from Latimer Woods and two other urban, predominantly beech-maple woodlands in Bloomington, Indiana: a woodland on Indiana University's campus near Ballantine Hall and Wapehani Woods, a municipal woodland preserve. At each site, a spade-tipped shovel was used to collect soil to a 21.5 cm depth in equal amounts from areas that were uninvaded and areas invaded by Euonymus. Soil from uninvaded and invaded areas was combined and thoroughly mixed by passing it through a 6 mm sieve. Mixed soil was stored in 5-gallon plastic tubs with lids. One plastic tub was collected from each site per day and used to establish a block of 12 experimental pots (four pots for each of the three sites), such that one block was established per day for 3 consecutive days. Soil was not mixed between sites to allow for site-specific effects to be observed. Shovels, sieves, tubs, gloves, and all other materials were washed with soap and sprayed with 70% ethanol in between sites to prevent cross contamination.

Phase I vegetation treatments were established in 16-cm diameter, 18-cm deep pots (Dillen Products Inc., Middlefield, OH) that had been surface-sterilized as described above and bottom-lined with 10-cm squares of clean newspaper. The native community treatment consisted of one individual of each species planted equidistant in each pot, and the Euonymus vegetation treatment consisted of three equidistant Euonymus cuttings per pot. To guard against cross contamination, pots were spaced at least 50 cm apart on greenhouse benches. After being planted, all pots were given an acclimation period of 2 months (June-August 2017) before herbivory treatments were assigned. Plants of each vegetation treatment were assigned to an herbivory treatment group, for which plants were clipped with scissors to simulate mammalian herbivory, and an unclipped control group (Figure 1). Scissors were washed with soap and rinsed with water between pots to prevent cross contamination. In the herbivore pressure experiment, we observed that plugs in open cages or uncaged controls were heavily browsed (see Results, Figure 2A). To simulate this strong degree of herbivory, plants were cut twice weekly to maintain a height of 5 cm for 3 months (September-November 2017) prior to collection of phase I soil. Each block consisted of one pot for each vegetation and herbivory group and soil site (12 pots per block). In total there were nine replicates for each vegetation and herbivory group for a total of thirty-six phase I pots. Pots were randomized within each of the three blocks.


[image: Figure 1]
FIGURE 1. Phase I vegetation groups included natives and Euonymus. Herbivory groups included unclipped controls (left) and simulated herbivory by clipping (right). In phase II, conditioned soil was used to grow the native community, monocultures of Euonymus, and a competition treatment with native community-Euonymus mixtures.
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FIGURE 2. Cage treatments had a significant effect on biomass at Dunn's (A,B) and Latimer (C) woods. Bars show +/– 1 SE.




Phase II—Feedback Response

A net pairwise design was implemented where vegetation treatments were grown in conspecific and heterospecific soil (Figure 1). Aboveground phase I plants were clipped, placed in paper bags, and dried at 60°C for 72 h. Belowground biomass was sieved from soil, placed in Ziplock bags, then washed, blotted dry on paper towels, placed in paper bags, and dried at 60°C for 72 h. Dried above- and belowground biomass was weighed for inclusion as covariates in phase II analyses. Phase I soil from each pot was passed through a 4 mm sieve into a clean plastic tub and stored in new Ziplock bag in a refrigerator for <12 h. Equipment was washed between pots and all pots and greenhouse benches were surface-sterilized as described in phase I. Once an entire block was sieved, soil from each phase I pot was divided into three 950 mL pots lined with 10 cm squares of clean newspaper. Each set of three pots was then planted with one of three vegetation groups: a native community with one new seedling of each of the native species used in phase I, an invasive monoculture of three Euonymus cuttings, and a native-Euonymus additive design mixture of each of the three native seedlings and three E. fortunei cuttings (Figure 1). An additive design was used to best represent the process of plant invasion and native-invasive competition. Initial data including height, longest leaf length, and number of leaves was obtained from seedlings within 24 h after transplanting, for inclusion as covariates in Phase II analyses. Pots were randomized within each of nine blocks in the greenhouse. After a 3 month growth period (December 2017 to February 2018), above- and belowground biomass of phase II plants were harvested, dried and weighed following the same protocols as for phase I plants.




Statistical Analyses

To assess the degree of herbivore pressure that native woodland perennials experienced, we used nlme in R Core Development Team (2017, v3.4) to construct a mixed effects linear model for each experiment. with aboveground biomass as the response variable, exclosure treatment (cage, open cage, no cage), species identity, and their interaction as fixed effects, and block as a random effect. Based on graphical diagnostics of residuals, aboveground biomass was log-transformed [ln(x+min/2)] to meet normality and homogeneity of variance assumptions. Because there was no significant interaction between plant species identity and exclosure treatment, the interaction was dropped from the models. A priori contrasts were performed using R's contrast package to assess differences between exclosure treatments for each experiment.

In order to determine how herbivory influenced plant-soil feedback under different competitive conditions, we used PROC-MIXED in SAS Institute (2017, v9.4m5) to construct mixed-effects linear models. Given that our interest was mainly in examining herbivory × PSF interactions and that we had limited power to run a four-way model, we chose to run two separate three-way models, one for phase II plants grown in non-competitive mixtures and one for phase II plants grown in competitive mixtures. Phase II biomass was used as the response variable and herbivory, phase I vegetation group (i.e., conditioned soil type), and phase II vegetation group were included as fixed effects with all possible interactions. Phase II seedling size measurements (height, longest leaf length, and number of leaves) and phase I biomass (above- and belowground) were used as covariates. Soil collection sites (Ballantine, Latimer, Wapehani) and block were random effects. Graphical diagnostics of residuals were used to test for normality and heterogeneity of variance. No transformations were needed to meet model assumptions.

Plant-soil feedback is reflected in the interaction between phase I and phase II vegetation group, with non-neutral PSF indicated where the interaction is significant. A significant three-way interaction between herbivory, phase I vegetation group, and phase II vegetation group indicates that PSF was significantly different in the simulated herbivory treatment compared to the no-herbivory treatment. A priori contrasts were used to estimate net pairwise feedback (sensu Mangan et al., 2010; Smith and Reynolds, 2015), reflected as the interaction coefficient (Is) developed by Bever et al. (1997):

[image: image]

where AA represents species A growth in soil conditioned by species A and AB refers to species A growth in soil conditioned by species B. Likewise, BB refers to species B growth in conspecific soil and BA refers to species B growth in heterospecific soil.




RESULTS

For each of the three herbivore pressure experiments, the mixed effects linear models revealed a significant effect of exclosure treatment and a priori contrasts indicated significant pairwise differences amongst exclosure treatments (Table 1). Although the exclosure × plant species identity interaction was dropped from all models due to non-significance, the effect of exclosure treatment was most consistent across species for Dunn's Woods experiment one, where on average, aboveground biomass of Solidago flexicaulis, Elmus hystrix, and Aster cordifolius was over 95% greater in closed cages compared to open cages or no-cage controls (Figure 2A, Table 1). Similar trends were evident for Aster laterifolius and Carex normalis, but not Conoclinum coelestinum in Dunn's Woods experiment two (Figure 2B) and for Elymus hystrix, but not Lobelia siphilitica or Conoclinum coelestinum in experiment three at Latimer Woods (Figure 2C), although the data were considerably more variable across species and a priori contrasts did not detect a significant difference between closed cages and no-cage controls in experiment two (Table 1).


Table 1. Results of mixed effects linear models for herbivore pressure experiments.

[image: Table 1]

In the herbivory × PSF experiment, when native communities and Euonymus were grown separately (non-competitive conditions), there was no significant two-way interaction between phase I and phase II vegetation type (i.e., PSF, aka “neutral PSF”) and no significant three-way interaction between phase I vegetation group, phase II response group and herbivory group in the mixed effects GLM (i.e., no effect of herbivory on PSF, Table 2). Consistent with these non-significant interactions, mean interaction coefficients were not significantly different from zero regardless of herbivory treatment (Figure 3). There was a significant main effect of phase I vegetation group and a significant two-way interaction between herbivory group and phase I vegetation group (Table 2).


Table 2. Results of mixed effects linear model for phase II plants grown in non-competitive conditions.
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FIGURE 3. Feedback between Euonymus (closed circles) and the native community (open circles) in the no aboveground herbivory, no competition (A), no aboveground herbivory, no competition (B), aboveground herbivory, competition (C), and herbivory, competition (D) groups. Insets are mean interaction coefficients for each group. Bars show +/– 1 SE.


In contrast, when native communities and Euonymus were grown together (competitive conditions), the mixed effects GLM revealed a significant three-way interaction for herbivory group × phase I vegetation group × phase II vegetation group (Figure 3, Table 3). This indicates that PSF was significantly different in the simulated herbivory treatment compared to the no-herbivory treatment. Mean interaction coefficients reveal the nature of this shift; net pairwise PSF was neutral (0.081 ± 0.146, p = 0.635) under conditions of simulated herbivory and negative (−0.580 ± 0.130, p = 0.047) in the absence of herbivory. There were also significant main effects of phase I and phase II vegetation group and a significant two-way interaction for herbivory × phase I vegetation group (Table 3). In the absence of herbivory growth of both the native community and Euonymus was higher in soil conditioned by Euonymus, but this effect disappeared in the presence of herbivory.


Table 3. Results of mixed effects general linear model for phase II plants grown in competitive conditions.

[image: Table 3]



DISCUSSION

Our results demonstrate that herbivore pressure on native understory plants can be intense in urban woodlands, and this can weaken net pairwise PSFs between native and invasive species, which is consistent with our original predictions. This is the first report of interactive herbivory × PSF effects in woodlands and for native and invasive species. Other findings support herbivory (from insects) as a factor that reduces the importance of PSF as a driver of plant community dynamics among native grassland species (Heinze and Joshi, 2017). There are several mechanisms that could explain aboveground herbivory weakening negative PSFs, including increased root growth (Bardgett et al., 1998) leading to an increase in soil mutualisms (Smith-Ramesh and Reynolds, 2017), a cross-induction of belowground defenses (Bezemer and van Dam, 2005; Kaplan et al., 2008), and a reduction in plant size and nutrient demands (Smith-Ramesh and Reynolds, 2017). Comparing microbial communities, soil defense compounds, and nutrient concentrations in phase I soils may yield insights into which mechanism operates. An important factor to consider is that our experiment did not pose an aboveground enemy escape scenario for Euonymus, which would be expected in nature even for more palatable invasive plant species (at least in the case of host-specific and/or specialist herbivores). In an aboveground enemy escape scenario, the native community would experience aboveground herbivory and any of its knock on effects to soil variables, while the invasive species would not. Depending on whether and how aboveground herbivory on the native community influenced soil microbial communities, defense compounds, and/or nutrient concentrations associated with native plants, net pairwise PSF among native and invasive plant species could range from negative to positive.

We observed net negative pairwise PSF dynamics for competitive mixtures of the native community grown with the invader Euonymus in the absence of herbivory. This result is inconsistent with general expectations from the literature (Kulmatiski et al., 2008) and with previous studies examining PSF dynamics between native woodland species and Euonymus, which have found net neutral to positive feedback (Smith and Reynolds, 2012, 2015). Something overlooked, however, is that while neutral or positive PSF among native and invasive species is expected if either enhanced mutualisms or novel weapons are the driver of invasion (Figures 4A,B), negative PSF among native and invasive species is the expectation if belowground enemy escape is the main driver of invasion (Figure 4C). Our findings might therefore be explained if belowground enemy escape was operating for Euonymus under the conditions of our experiment.


[image: Figure 4]
FIGURE 4. Plant-soil feedback dynamics for enhanced mutualisms, novel weapons, and enemy escape hypotheses. If an invasive species exhibits enhanced mutualisms (A), growth of the invasive species could be sufficiently greater in conspecific soil relative to heterospecific soil (positive individual feedback) to dominate the outcome of net pairwise feedback. An invader that exhibits novel weapons (B) would presumably be adapted to its own weapons and thus exhibit neutral individual feedback, whereas the invader's novel weapons would hinder native species growth in heterospecific soil, resulting in positive individual feedback for the native. Net pairwise feedback would therefore also be positive under the novel weapons hypothesis. In contrast, if an invasive species exhibits belowground enemy escape (C), its growth would not be expected to be affected by soil conditioning (neutral individual feedback) whereas native species would exhibit negative individual feedback from host specific enemies, resulting in negative net pairwise feedback.


Interestingly, our results also indicate that soil conditioned by Euonymus may have a general promoting effect on plant growth, although this effect disappeared in the presence of herbivory. While this finding that Euonymus-conditioned soil promoted greater phase II plant growth than native-conditioned soil may at first seem surprising, it could simply reflect greater soil resource drawdown by the three-species native community, perhaps due to niche complementarity of niche-partitioned species, ultimately reducing nutrient availability for phase II plants. The fact that this effect was lost in the herbivory treatment may be expected given that biomass—and presumably soil resource demand—of all species was kept consistently low by the simulated herbivory. Further studies are needed to confirm whether Euonymus has a promoting effect and the mechanisms by which this might occur.

Plant-soil feedbacks tend to be weaker in field studies compared to greenhouse experiments (Kulmatiski et al., 2008) and our results suggest that herbivore pressure in the field may contribute to such weakened PSF. Still, several limitations to our study may have prevented the magnitude of PSFs observed in our results from accurately reflecting field conditions. Cutting aboveground plant tissues with scissors may have a different effect on plant defense compounds or may damage plant tissues differently than an herbivore. In natural systems, herbivores may trample herbaceous vegetation and release waste products, both of which could potentially affect soil conditions (Bardgett and Wardle, 2003; Schrama et al., 2013) and consequently PSFs. Field PSF experiments that manipulate natural herbivores are therefore needed. While we used an additive design to best simulate the invasion process, results may have been different with a substitutive design (which holds total plant density constant).

Further research is also needed to confirm whether herbivory-PSF interactions affect invasion success. For example, future studies could examine Euonymus-native PSFs in the presence and absence of herbivory and quantify Euonymus invasion success in each treatment. Additionally, future studies should assess whether herbivore type (e.g., insect, mammalian) differentially affect PSFs. Herbivory-PSF interactions across a gradient of lower to higher herbivore pressure should also be examined. Exploring herbivory-PSF interactions among other native-native and native-invasive combinations, including palatable vs. unpalatable invasive species, and across different habitat types is also needed to assess the generalizability of our findings.



CONCLUSIONS

Our results suggest that herbivore pressure can be intense in urban woodlands and that such herbivore pressure can reduce the strength of PSFs, affecting species interactions with an invader and potentially influencing invasion success. Thus, plant-soil feedbacks may be less important in driving plant community dynamics in systems with high herbivore pressure. Our results also suggest that Euonymus' invasion success may in part be attributed to belowground enemy escape, although research to confirm this mechanism of feedback is required. Further research is needed to determine whether herbivory-PSF interactions affect invasion success, identify the mechanisms of herbivory-PSF interactions, and to assess the generality of our results under more complex and varied field conditions.
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